To de®ne the delicate interplay between metal chelation, protein folding and function in metalloproteins, a family of de novo-designed peptides was synthesized that self-assemble in aqueous solution to form two and three-stranded a-helical coiled coils. Each peptide contains a single Cys residue at an a or d position of the heptad repeat. Peptide association thus produces a Cys-rich coordination environment that has been used to bind Hg(II) ions. These peptides display a pH-dependent association, with trimers observed above the pK a of Glu side-chains and dimers below this value. Finite-difference Poisson-Boltzmann calculations suggest that the dimeric state decreases the unfavorable electrostatic interactions between positively charged Lys side-chains (relative to the trimer). The Cys-containing peptides bind Hg(II) in a position-dependent fashion. Cys at a positions form three-coordinate Hg complexes at high pH where the trimeric aggregation state predominates, and two-coordinate complexes at lower pH. A d position Cys, however, is only able to generate the two-coordinate complex, illustrating the difference in coordination geometry between the two positions in the coiled coil. The binding of Hg(II) was also shown to substantially increase the stability of the helical aggregates.
Introduction
De novo protein design has emerged as an attractive approach for addressing questions in protein structure/function. Through the design of model peptides and proteins it has been possible to assess the contributions of hydrogen bonding, hydrophobicity, and electrostatics to the stabilization of protein three-dimensional structure (Beasley & Hecht, 1997; Bryson et al., 1995) . De novo design has been used to probe the structural basis of the function of metalloproteins (Berg, 1990; Lu & Valentine, 1997; Regan, 1995) . Zn(II)-binding sites have been incorporated within designed proteins to determine how metal-ligand interactions affect protein stability and dynamics (Handel & DeGrado, 1990; Handel et al., 1993; Regan & Clarke, 1990; Walkup & Imperiali, 1997) . Also, heme (Arnold et al., 1997; Benson et al., 1995; Choma et al., 1994; D'Auria et al., 1997; Nastri et al., 1997; Robertson et al., 1994) , iron and iron-sulfur clusters (Coldren et al., 1997; Gibney et al., 1995 Gibney et al., , 1996 Pinto et al., 1997; Scott & Biggins, 1997) , and other redox-active centers (Winkler & Gray, 1992) have been introduced into designed or natural proteins to determine how the protein matrix affects the rates and thermodynamics of electron transfer reactions.
We have recently begun to use model proteins to explore the interplay between metal chelation and protein folding in de®ning the structures of metalloproteins with unusual metal ion chelation sites (Dieckmann et al., 1997) . Metal ion binding sites often serve as nucleation sites to direct the folding of small proteins, such as Zn(II) ®ngers (Berg, 1995) . In such cases, the protein derives much of its stability from the formation of metalligand interactions, with ligation geometries that are highly symmetrical and well precedented in the structures of small molecule model complexes. By contrast, in blue copper proteins such as plastocyanin and azurin, it is the fold of the protein that imposes a functionally important chelation environment on the metal ion (Malmstrom, 1994) . These chelation geometries are often dif®cult to reproduce in small molecule complexes, and Williams has referred to them as``entatic'' or strained states (Vallee & Williams, 1968) . How a protein may induce a seemingly strained geometry, while also maintaining excellent af®nity and speci®city for a metal ion, remains a major area of interest.
The chelation geometries of most metalloproteins lie along the continuum between these two extremes. The metalloregulatory protein MerR has an unusual three-Cys Hg(II)-binding site, which has been proposed to adopt a trigonal geometry based on spectroscopic (Utschig et al., 1995; Watton et al., 1990; Wright et al., 1990b) and mutagenesis studies (Ross et al., 1989) . This transcription factor is a sensor for the toxic Hg(II) ion and relates the concentration of Hg(II) to the expression level of a number of Hg-detoxi®cation proteins in prokaryotes (Ralston et al., 1989) . Hg(II) has a strong propensity to form linear, two-coordinate complexes with thiolate ligands; however, studies with small molecular thiolates in organic solvents have shown that higher-order complexes can also be formed (Utschig et al., 1993; Wright et al., 1990a) . Thermodynamic studies show that the ®rst two thiolates bind to Hg(II) with high af®nity, while a third ligand binds with signi®cantly reduced af®nity (Cheesman et al., 1988) . Thus, while only 1:2 Hgthiolate complexes are formed in dilute solution, three-coordinate complexes can be formed in more concentrated solutions containing an excess of thiolate. The structures of these 1:3 Hg-thiolate complexes show roughly trigonal symmetry, and their spectroscopic properties coincide with those of MerR (Utschig et al., 1993; Wright et al., 1990a) .
In previous work we designed peptides that self assemble in dilute aqueous solution into a helical coiled coil with three Cys residues positioned appropriately to generate a three-coordinate Hgthiolate complex (Dieckmann et al., 1997) . In these complexes, the free energy of folding of the peptide is used to drive the formation of the desired threecoordinate site in preference to the more common, linear two-coordinate geometry. As a structural framework, we used Tri, a peptide patterned after the coiled coil peptide Coil-Ser Lovejoy et al., 1993; O'Neil & DeGrado, 1990) , and the polyhepta-peptides described by Hodges and co-workers (Hodges et al., 1981 (Hodges et al., , 1990 Lau et al., 1984 ; Figure 1(a) ). Tri consists of four repetitions of the heptad Leu a -Lys b -Ala c -Leu d -Glu e -Glu f -Lys g , in which the Leu residues at positions a and d are intended to form a hydrophobic core (Figure 1(b) ). Further, the Glu and Lys residues at positions e and g, respectively, are positioned to form favorable interhelical charged interactions if they interact in the desired parallel coiled coil, but should be destabilizing if Tri forms an antiparallel (up-updown) coiled coil. Molecular modeling was used to de®ne positions within Tri that might form a threecoordinate site (Dieckmann, 1995) . In a parallel three-stranded coiled coil, the a and d positions project toward the center of the structure where they lie in roughly planar layers perpendicular to the helical axis. These layers are good candidates for the formation of the desired three-coordinate metal-binding site. In addition, because peptides related to Tri can adopt antiparallel as well as par- allel structures (Lovejoy et al., 1993; Ogihara et al., 1997) , we initially focused on the peptide L16C, which contains a Cys residue near the middle of the Tri peptide sequence (Dieckmann et al., 1997) . In models, this peptide can form three-coordinate Hg(II)-binding sites in both parallel and antiparallel orientations. In the parallel structure (Figure 2(a) ), a 3-fold symmetrical site is formed by the convergence of three a residues within a single layer; a less symmetrical three-coordinate site can also be formed between two layers if the peptide adopts an antiparallel structure (Figure 2(b) ).
The designed peptides Tri and L16C were both found to exist in monomer/dimer/trimer equilibria favoring either dimers or trimers, depending on the solution conditions (Dieckmann et al., 1997) . Dimers are preferentially formed at low pH, while the trimeric state predominates at pH 8.5. Further, at pH 8.5 L16C bound Hg(II) in a manner that was dependent on the Hg:L16C stoichiometry; a threecoordinate Hg(II) complex was formed with a 1:3 Hg:L16C ratio. At a higher Hg:peptide ratio (1:2), however, only two-coordinate complexes were observed, although the Hg(II)-linked dimers tended to further associate into higher order aggregates.
These studies opened a number of intriguing questions which we address in this work. First, we wished to determine the thermodynamic basis for the preferential formation of dimers at low pH. A second goal was to determine whether the threecoordinate complex is formed within a parallel or antiparallel coiled coil of a-helices. To determine the coiled coil topology (parallel or antiparallel orientation), we prepared L9C (Figure 1(a) ). As in L16C, the Cys residue of L9C occupies an a site, but its position is displaced towards the N terminus away from the center of the helix. In a parallel 3-helical structure, the three Cys residues of (L9C) 3 should converge about the 3-fold symmetry axis to form a three-coordinate site as in (L16C) 3 . However, an antiparallel arrangement would place one Cys residue approximately 15 A Ê away from the other two Cys residues based on our models (Figure 2(c) ).
Finally, we wished to determine whether a three-coordinate geometry for binding Hg(II) requires precise alignment of the Cys residues in the trimer, or whether it is suf®cient to simply position them close together in space. To address this issue, Cys was placed in the d position, forming L12C and L19C (Figure 1(a) ). Studies with this series of peptides probe whether the formation of a three-coordinate site has strict geometric requirements that are ful®lled only when the Cys residue occupies the a position of a coiled coil.
While these studies were in progress, the crystal structure of CoilV a L d was determined to 2.1 A Ê resolution (Ogihara et al., 1997) . This parallel three-stranded coiled coil is closely related to both Coil-Ser and Tri, but contains Val instead of Leu at each a position (Figure 1(a) ). Unlike CoilSer, CoilV a L d trimerizes in a highly cooperative process, with dimers being minimally populated at neutral pH (Boice et al., 1996) . A Cys residue was placed at an a position of this peptide (Coil- Hg-Binding by De Novo Coiled Coils V a L d -V16C) to con®rm that a three-coordinate site could indeed be introduced within a parallel three-stranded coiled coil of known three-dimensional structure.
Results

CD spectroscopy
The CD spectra of the peptides used in this study are typical of highly helical peptides, with minima at 208 nm (mean [y] ) observed for each peptide at pH 2.5 and 8.5. The Cys substitutions at either a or d heptad positions had little effect on the CD spectra and, therefore, the secondary structure of the peptides. Little change was also seen in the CD spectra when in the presence of Hg(II) (data not shown).
Sedimentation equilibrium ultracentrifugation
Previously, sedimentation equilibrium ultracentrifugation was used to demonstrate that Tri and L16C existed in a monomer/dimer/trimer equilibrium, which favored dimers at low pH (2.5) and trimers at high pH (8.5) (Dieckmann et al., 1997) . L12C was similarly examined as a representative peptide with the Cys substitution at a d rather than an a position ( Table 1) . As reported for Tri and L16C, L12C also forms trimers at pH 8.5 and dimers at pH 2.5, both in the presence and absence of added salt. At intermediate pH (5.5), Tri was fully trimeric, while L12C and L16C showed intermediate degrees of association, with the trimeric state being favored in the presence of salt. Thus, a change in the protonation state of Glu side-chains (vide infra) is accompanied by a switch in aggregation state from dimer at low pH to trimer at higher pH. This pH-induced change in aggregation state has not been previously reported for other coiled coil systems.
The pH-dependence of GuHCl-induced unfolding transitions
The stabilities of the dimeric and trimeric forms of the peptides were determined from their GuHCl-induced unfolding transitions. Figure 3 illustrates the variation in the mean residue ellipticity, [y] 222 (a measure of the helical content), of the peptides as a function of the denaturant concentration at pH 2.5. In agreement with previous work (Zhou et al., 1993) , the replacement of Leu for reduced Cys resulted in destabilization of the coiled coil, with the effect being more pronounced when the substitution occurred at a d position; the d position (L12C and L19C) and a position substitutions (L9C and L16C) had denaturation midpoints of 4.8 and 5.0 M GuHCl, respectively, at pH 2.5 (Figure 3) . Thus, the Cys substitutions resulted in changes in stability that are well precedented and predictable based on previous studies. We therefore focused further pH-dependent thermodynamic studies on Tri and L12C, which represent the most and least stable of the series of peptides, respectively. Figure 4 (a) illustrates GuHCl titrations for Tri at various pH values. As has been described for various designed and natural coiled coil peptides Kohn et al., 1995; Lowey, 1965; Noelken & Holtzer, 1964; O'Shea et al., 1992; Zhou et al., 1992 Zhou et al., , 1993 Zhou et al., , 1994 , Tri shows increased resistance to GuHCl-induced denaturation as the pH is lowered through the pK a of the Glu residues. The thermodynamic stability of L12C shows a similar pH dependence (Figure 4(b) ), although the pH sensitivity continues above pH 6.5 for L12C, whereas Tri shows no change above this pH. This additional change in stability with pH for the Cys- Association states determined by dividing the apparent Z-average molecular mass by the theoretical monomeric molecular mass of each peptide. The 95% con®dence levels were within 10% of the stated values and are given in the Supplementary Material.
a Data not available. Table 2 for details).
containing peptides is attributed to titration of the Cys side-chain. Figure 5 shows the pH dependence of [y] 222 for Tri and L12C measured at 4.7 M GuHCl for Tri and 3.1 M GuHCl for L12C (these GuHCl concentrations were selected to provide a maximal change in [y] 222 over the pH range). The curves show transitions with midpoints in the vicinity of the Glu carboxylate, which is the only side-chain with a pK a near this value (Stryer, 1988) . Thus, the transition involves a change in the protonation state of one or more Glu side-chains (protonation of the Cys side-chain is ruled out by the fact that the same transition is seen for Tri, which lacks Cys).
The stabilities of Tri and L12C were quantitatively evaluated at pH 2.5 and pH 8.5 using monomer/dimer and monomer/trimer formalisms, respectively (Boice et al., 1996) and summarized in Table 2 and Figure 6 . At intermediate pH, the data are less easily interpretable due to the population of both dimers and trimers. For instance, the concentration dependence of [y] 222 for Tri at a constant concentration of denaturant (5.5 M GuHCl) and at intermediate pH (5.5) shows a cooperativity of 2.5 (Supplementary Material), similar to that observed previously for Coil-Ser . A similar concentration dependence is observed for the Cyssubstituted peptides (data not shown).
The GuHCl denaturation curves at pH 2.5 are well described by cooperative monomer/dimer equilibria, and the pH 8.5 data are similarly described using monomer/trimer equilibria. The extrapolated dimer dissociation constants (K D ) at pH 2.5 for Tri and L12C were 1.3 Â 10 À15 and 1.1 Â 10 À12 M, respectively, corresponding to dimerization free energies per monomer of 10.2 (Tri) and 8.2 (L12C) kcal/mol (1 M standard state). The analysis of the trimerization reactions at pH 8.5 gave overall trimer dissociation constants (K T ) for Tri and L12C of 5.9 Â 10 À18 and 8.9 Â 10 À14 M 2 , respectively (calculations in which the cooperativity of oligomerization was less than 3.0 failed to signi®cantly change this result). These K T values correspond to free energies of trimerization per monomer of 7.8 and 5.9 kcal/mol for Tri and L12C, respectively. Thus, on a per monomer basis, protonation of the Glu residues leads to an average stability difference of 2.3 kcal/mol. It should be noted that comparisons of the energetics of bimolecular and termolecular processes at other concentrations require consideration of the differences in the dimensions of the equilibrium constants from which the free energies are calculated (Brady & Sharp, 1997; Janin, 1996) . A simple calculation shows that the stability difference between the 
Calculation of the electrostatic contribution to aggregate formation
In order to understand the possible role that electrostatics play in determining the preference by Tri and its Cys-substituted derivatives for the dimeric aggregation state at low pH, ®nite-difference Poisson-Boltzmann (FDPB) calculations were performed on dimeric and trimeric models of Tri using DelPhi (Gilson et al., 1988; Nicholls et al., 1991; Sharp & Honig, 1990) . Because it is probable that the positively charged Lys side-chains play a key role in the electrostatic interactions between peptide monomers, atomic charges were placed only on the atoms in the Lys side-chains. The results of the DelPhi calculations are given in Table 3 . For both the dimeric and trimeric aggregation states, the electrostatic free energy for protonation of Lys side-chains is positive (unfavorable), as is expected in a system where only positive formal charges are interacting. However, the magnitude of this penalty is 0.4 kcal/mol larger for each Lys in the trimeric versus dimeric state. There are two contributions to this unfavorable energy: the desolvation of the Lys ammonium groups and the Lys/Lys electrostatic repulsions. Both are greater in the trimer versus the dimer.
Hg(II)-binding studies of peptides with Cys substitutions at position a
In previous work, we demonstrated that UV/ visible spectroscopy is a convenient and reliable method to determine the Hg(II) chelation properties of L16C (Dieckmann et al., 1997) . Titrations of the other a-substituted peptides (L9C in Figure 7 (a) and CoilV a L d -V16C in Figure 8 (a)) were quite similar. Their UV spectra indicate that they form similar two-or three-coordinate complexes at pH 8.5 depending on the Hg-peptide ratio (Figure 7 (a) and (b)). As an example, a titration experiment in which CoilV a L d -V16C (an a substitution) is added to an aqueous solution of HgCl 2 is shown in Figure 8 (a). Under conditions where the peptide is fully trimeric in the apo-state (pH 8.5), the titration is biphasic. A peak of low intensity (Áe 240 % 2700 M À1 cm
À1
) is observed after the addition of 0.2 to 2.0 equivalents of peptide. This spectral feature is typical of two-coordinate Hg-thiolate complexes, as has been con®rmed by EXAFS and 199 Hg NMR for L16C (Dieckmann et al., 1997) Hg NMR (Dieckmann et al., 1997) . The intensity of these peaks increases linearly with respect to peptide concentration between 2.0 and 3.0 equivalents of added peptide, after which no further spectral changes are observed.
To further demonstrate that the associative equilibria are critical for de®ning the three-coordinate Hg(II) chelation site, the binding of Hg(II) by L9C, L16C and CoilV a L d -V16C was also examined at low pH (2.5 and 5.5), where the peptides are predominantly dimeric (Table 1) . Under these conditions, titrations of the peptides into 10 mM HgCl 2 (as shown for L16C in Figure 8 (b)) gave rise to species with spectral characteristics generally associated with two-coordinate complexes (Figure 7(a) and (b) ). This assignment has been con®rmed for L16C by EXAFS and 199 Hg NMR spectroscopy (unpublished results). At these low . c Units are kcal/mol. Error is AE0.5 kcal/mol, based on the sensitivity of the value when the folded and unfolded baselines were ®xed at reasonable extremes. The values in parentheses are per monomer.
d These values were ®xed during the ®tting procedure because the pre or post-transition baselines were not adequately de®ned. The values used were chosen based on the slopes of analogous peptides, and a sensitivity analysis showed that their values could be varied over a reasonable range without signi®cantly affecting the value of ÁG pH values, no evidence for the formation of a three-coordinate species was observed for the asubstituted peptides, even at the highest peptide:Hg(II) ratio examined (5:1).
Hg(II)-binding studies of peptides with Cys substitutions at position d
We also examined the Hg(II)-binding properties of the peptides L12C and L19C, in which a Cys residue substitutes for Leu at a d position (Figure 7(c) and (d) ). Although these peptides are trimeric at pH 8.5, UV titrations indicate that they only form two-coordinate complexes, with no evidence for the formation of a three-coordinate species (as shown for L12C in Figure 8(c) ). Similar results were observed at lower pH (Figure 7(c) and  (d) ). The inability of d-substituted Cys-peptides to form three-coordinate Hg(II) complexes, even at pH 8.5 where the trimeric aggregate is favored, indicates that the formation of a three-coordinate Hg(II) complex requires not only the formation of a trimeric structure, but also the proper orientation of the Cys side-chains for productive interactions with Hg(II); this proper orientation is only achieved when the Cys is at an a position (Figure 7 ).
GuHCl denaturations of Cys-peptides in the presence of Hg
Having shown that Hg(II) binds to the Cys-containing peptides, we next investigated the stability changes of the peptides in the presence of Hg(II). The addition of Hg(II) increases the thermodynamic stability of the folded forms of L16C ( Figure 9 ) and L12C (data not shown) as assessed from their GuHCl-induced unfolding transitions. For a 1:2 Hg:peptide ratio at pH 2.5, a single unfolding transition was observed near approximately 6 M GuHCl, suggesting that this peptide formed a homogeneous complex consisting of one Hg(II) per dimer. At lower Hg:peptide ratios, two unfolding transitions were observed, presumably re¯ecting the presence of both free and complexed dimers. For instance, at Hg(II):peptide ratios of 1:3 and 1:4 (pH 2.5), the unfolding curves are biphasic (Figure 9(a) ). Similar behavior is observed at pH 8.5, where the peptide is able to form threecoordinate complexes (Figure 9(b) ), except the curves become biphasic at different Hg(II):peptide ratios, re¯ecting the ability of this peptide to form different Hg(II) complexes at the two pH values. Thus, at high pH the denaturation curves for the 1:2 and 1:3 Hg:peptide samples are very similar, re¯ecting the fact that this peptide can form both two-coordinate and three-coordinate complexes. Only upon addition of a fourth equivalent of peptide do we observe a large change in the denaturation curve, consistent with the presence of uncomplexed trimers.
A second difference in the denaturation curves at low versus high pH is that the binding of Hg(II) Figure 6 . Fits of GuHCl denaturation curves for (a) Tri and (b) L12C. The pH 2.5 data (open circles) were ®t to monomer/dimer equilibria, and the pH 8.5 data (®lled circles) were ®t to monomer/trimer equilibria. The ®ts are shown as continuous curves through the data. Folded and unfolded baseline ®ts for the pH 2.5 and 8.5 data are shown as broken and dotted lines, respectively. Fit results are reported in Table 2 . shows a larger effect on the stabilities of the peptides at pH 8.5. The difference in the GuHCl denaturation midpoints (presence versus absence of 0.5 equivalents Hg(II) per peptide) was approximately 2.0 M at pH 2.5; the corresponding difference at pH 8.5 was approximately 4.5 M. This difference may be associated with differences in the chelation properties of the unfolded states. At high pH, where thiolates are easily formed, two-coordinate complexes are formed, even in dilute aqueous solution (Cheesman et al., 1988) . Thus, the unfolded peptides are expected to form Hg(II)-linked dimers at high pH. Crosslinking of the unfolded peptides should decrease the entropic requirements for folding, leading to a large increase in the peptides' resistance to GuHCl-induced denaturation in the presence of the Hg(II) (Tamura & Privalov, 1997) . By contrast, at low pH, where the formation of Cys thiolates is less favorable, the binding of Hg(II) should be weakened, and the Hg(II) may be able to dissociate in the unfolded state. In this case, addition of Hg(II) would stabilize folding by a distinct mechanism involving preferential binding to the folded versus the unfolded state.
Discussion
The primary goals of this work were to determine the source of the pH-dependent shift in the association state of the Tri family of peptides, and to explore the geometric requirements for formation of three-coordinate Hg(II)-thiolate complexes. The observed shift in association state to a dimer at low pH could be a consequence of destabilizing the trimer or stabilizing the dimer; our results show that the dimer is very strongly stabilized at low pH. The increased stability of coiled coil proteins at lower pH has also been observed in several other systems, including tropomyosin (Lowey, 1965; Noelken & Holtzer, 1964) , the FosJun leucine zipper (O'Shea et al., 1992) , and several synthetic models of coiled coils (Zhou et al., 1992) . As discussed previously, this phenomenon represents the balance of a large number of opposing forces. At low pH, the Glu residues are protonated, which increases their helix propensity thereby sta- Figure 7 . UV spectra of Hg-peptide complexes of (a) L9C, (b) L16C, (c) L12C and (d) L19C. Broken curve, 1:2 Hg:peptide at pH 2.5; continuous curve, 1:3 Hg:peptide at pH 2.5; Bold broken curve, 1:2 Hg:peptide at pH 8.5; bold continuous curve, 1:3 Hg:peptide at pH 8.5. The data for L16C are taken from Dieckmann et al. (1997) and are included for comparison to L9C and CoilV a L d -V16C (Figure 8(a) ).
bilizing the folded state. Also, protonation decreases the polarity of the Glu side-chains, which may decrease their free energy of desolvation when placed next to hydrophobic Leu residues. However, protonation should also decrease the favorable electrostatic interactions between ionized Glu and Lys side-chains. These electrostatic interactions are expected to be partially screened by exogenous electrolytes, particularly in the denaturations which employ high concentrations of the salt GuHCl. Thus, although a large number of opposing forces in¯uence the free energy balance, folding is favored at low pH.
These explanations provide a rationale for the general stabilization of coiled coils at low pH, but why are two-helix coiled coils preferred over threehelical aggregates as the pH is lowered? One factor is that the dimeric state has a larger surface-tovolume ratio than the trimer, leading to lower electrostatic repulsions between (and less desolvation of) the Lys side-chains in the low pH form. To further test these ideas, we constructed trimeric and dimeric computer models of Tri with fully protonated Glu residues and calculated the total electrostatic energy associated with the Lys side-chains interacting with each other using DelPhi. It was found that this electrostatic free energy is signi®-cantly more unfavorable for the trimer versus the dimer. Thus, it appears that electrostatics may play an important role in de®ning the preference for a dimeric state at low pH. Other factors might include the preferential packing of protonated Glu side-chains against the apolar residues at positions a and d, although an in depth analysis would require high resolution structures of the low and high pH forms of the peptide in both dimeric and trimeric conformations.
A second goal of this research was to de®ne the topologies of the Hg(II)-binding peptides related to Tri. They appear to adopt a parallel coiled coil conformation as evidenced by the Hg-binding properties of the a-substituted and d-substituted familes of peptides. Within a given family, the chelation properties of each peptide are invariant with respect to the position of the Cys-substitution along the chain, ruling out an antiparallel model (Figure 2(b) ).
Our results demonstrate that the default coordination state for this class of peptides is two-coordinate, and that the coordination of three thiolates requires relatively stringent geometric and chemical conditions. At pH 2.5 and 5.5, all the Cysderivatives form complexes with spectral characteristics similar to two-coordinate Hg(II) species. Also, at pH 8.5, all of the peptides studied were trimeric, yet only the a-substituted Cys-derivatives of Tri and CoilV a L d were capable of producing threecoordinate Hg(II) species. Further, the a-substituted peptides formed three-coordinate complexes only when they were in greater than twofold molar excess over Hg(II), forming two-coordinate complexes at lower peptide:Hg(II) ratios. (c) is possibly due to the formation of multinuclear Hg-peptide complexes when Hg(II) is in a large molar excess over the peptides, as is observed for other thiolate ligands (Bowmaker et al., 1984 (Bowmaker et al., , 1996 Busetto et al., 1990; Wang & Fackler, 1989; Wright et al., 1990a , and references therein).
Hg-Binding by De Novo Coiled Coils
The ®nding that the a-substituted peptides could form either two or three-coordinate complexes may be understood in terms of the known ligand exchange properties of Hg(II) Wright et al., 1990a) . The addition of the ®rst two thiolates to Hg(II) proceeds with an overwhelmingly favorable free energy, which can easily overcome the intrinsic conformational preference of the peptide to form trimers. Thus, at peptide:Hg(II) ratios of less than 2:1 there is a strong driving force for formation of two-coordinate complexes. However, once the molar ratio exceeds 2:1 peptide:Hg(II), the additional equivalent of peptide can bind to Hg(II) to form threecoordinate complexes, although the addition of the third ligand proceeds with a considerably less favorable ÁG 0 b . For small molecule thiolate ligands, ÁG 0 b is insuf®cient to drive the binding of a third thiolate ligand at low micromolar concentrations of metal and ligand in aqueous solution. However, under similar conditions a third equivalent of L9C, L16C, or CoilVaLd-V16C is able to bind in a three-coordinate manner, guided by the conformational preference of these peptides to form three-helical coiled coils.
The free energy balance between the conformational preferences of the peptides and the chelation properties of Hg(II) also explains the fact that the peptides failed to form three-coordinate complexes at low pH. For instance, at pH 2.5 and 5.5 the peptides are predominantly dimeric in their apo-state, which should favor two-coordinate binding modes. Further, this pH is far from the pK a value of 8.5 for Cys thiol groups (Stryer, 1988) , which attenuates their af®nity for Hg(II), assuming they bind as thiolates. Thus, the af®nity would be decreased by approximately 4 kcal per mole thiol at pH 5.5 versus pH 8.5, based on the difference in the pH versus the pK a of the Cys thiolate. Clearly, the addition of the ®rst two thiolates will remain overwhelmingly favorable at pH 5.5. However, the addition of a third ligand would be rendered unfavorable, and the peptides would default to twocoordinate binding modes.
The failure of the trimeric d-substituted peptides to form three-coordinate complexes at pH 8.5 further illustrates the stringency of the geometric requirements for three-coordinate binding. The differences between the binding properties of d versus a-substituted peptides may arise from the differences in orientation of side-chains at these positions with respect to the superhelical axis in coiled coils (Harbury et al., 1994) . To investigate this possibility, Cys was introduced at the a and d positions of the crystal structure of CoilV a L d (Figure 10 ). The w 1 angles for the Cys substitutions were kept identical to those for the original residues, thus making the Leu (or Val) to Cys mutations as isosteric as possible. Based on our modeling studies, the a position Cys residues orient their side-chains towards the superhelical axis, whereas the d position Cys residues point away from the center of the coiled coil. These different orientations result in a signi®cant difference in the distance of the Cys sulfur atom from the central axis (2.1 A Ê at a versus 3.9 A Ê at d) as well as the average C b -S-Hg angle (149 for the a position, 60 for the d position). The angles and distances for only the a positions approach those previously observed in three-coordinate Hg(II) complexes (2.43 A Ê and 120 , respectively; Wright et al., 1990a) . Further, energy minimization using these values as constraints led to excellent geome- tries for the a-substituted peptides, with low energy w angles for all amino acids and ideal helical geometries. By contrast, accommodation of a three-coordinate site at the d position required the introduction of high-energy rotamers or distortions to the helical backbone. Other low energy rotamers for the d position Cys residues were unable to improve these Cys-Hg interactions without signi®cant unfavorable steric interactions with other hydrophobic layers.
We also modeled a two-coordinate site at the a and d positions of a two-stranded coiled coil. In contrast to the trimer, where a clear geometric preference for three-coordinate binding at the a site was observed, no strong preference was observed for the two-coordinate complexes, providing a rationale for the observation that two-coordinate sites may be formed at either the a or d sites of the Cys-substituted peptides.
Our studies demonstrate the ability to design an energetically challenging metal-chelation site into designed, water-soluble peptides. Through the use of associating amphiphilic helices, it has been possible to create a three-coordinate binding site surrounded by hydrophobic side-chains within a water-soluble structure. The ability to control the hydrophobicity, water-accessibility and chelation geometries of sites represents an important step towards the overall goal of designing functional metalloproteins. Our results clearly show that accurate starting geometries and careful consideration of the torsional preferences of the chelating side-chains will often be essential for creating functional binding sites.
Materials and Methods
Modeling
The methods used for generating coiled coil models were similar to those described (Betz & DeGrado, 1996; Dieckmann, 1995; Shen et al., 1996) . A polyalanine a-helix with 3.6 residues per turn was created in the program Insight 95 (Biosym Technologies, Inc.) using backbone dihedral angles f À57 and c À47 . After centering the helix at the origin and aligning it along the z-axis of the Cartesian coordinate system, the a and d positions of the helix were replaced with Leu residues in their low energy rotamers (Dunbrack & Cohen, 1997; Dunbrack & Karplus, 1994; McGregor et al., 1987) . These hydrophobic residues were used to form the interior of the coiled coil. The helix was converted to 3.5 residues per turn, such that all residues at a given heptad position line up when viewed down the helical axis. This conversion was performed using the matrix transformation in equation (1):
where y À2p[z(i) À z min ]/p; x(i), y(i) and z(i) are the original coordinates of atom i; x new (i), y new (i) and z new (i) are the transformed coordinates; z min is the minimum z-coordinate of the C a atoms; and p is the superhelical pitch of the coiled coil. For this transformation, p is À189 A Ê .
Two and three-helical coiled coils were then generated by taking the appropriate number of copies of the above helix and varying r (distance of the helix from the center of the coiled coil) and e (rotation of each individual helix around its axis to position the a and d residues towards the center of the coiled coil). For antiparallel models, the directionality of one helix was reversed. The bundle of helices was then given a left-handed coil using equation (1) with p 189 A Ê (Crick, 1953; Dunker & Zaleske, 1977) . Appropriate values for r and e were evaluated qualitatively by looking at the packing in the hydrophobic interior of the coiled coil. The resulting coiled coils with reasonable packing were subjected to in vacuo energy minimizations using Discover (Biosym Technologies, Inc.) and the CVFF force®eld (Dauber-Osguthorpe et al., 1988) , with the positions of the backbone atoms of the helices ®xed. For a round of minimization, a combination of steepest descents (500 iterations) followed by 6000 iterations of conjugate gradients was utilized. Another round of minimization then followed without backbone constraints. Next, the Ala residues in positions b, c, e, f and g of the helices were replaced with the appropriate residues, and another two rounds of minimization followed (the ®rst with the backbone atoms constrained, the second round without constraints). Minimizations were also performed in the presence of a box of water with periodic boundary conditions. The only major differences between the models re®ned in vacuo and in water were the ®nal rotamers observed for the solvent-exposed polar residues, as would be expected. Models of peptides containing Cys residues at a or d positions were generated by replacing the appropriate Leu residues in the ®nal model, followed by a round of energy minimization.
For the incorporation of Hg(II)-binding sites into these models, the standard CVFF force®eld was modi®ed to include bonding parameters for Hg(II) coordinated by two or three thiolate ligands (Dieckmann, 1995) . The parameters for Hg(II) were obtained from structural (EXAFS: Utschig et al., 1993) and thermodynamic data (Wright et al., 1990a) for Hg-thiolate model complexes. Addition of a Hg(II) to a model required addition of Hg-S bonds to the model, followed by a round of minimization. The parameters for Hg(II) are available from the authors upon request. 
Hg-Binding by De Novo Coiled Coils
Peptide synthesis and purification All peptides were synthesized on a Milligen model 9050 Plus continuous¯ow peptide synthesizer using FMOC-protected amino acids and previously published procedures (Choma et al., 1994) . Each peptide was acetylated on the N terminus and amidated on the C terminus to stabilize helix formation. Peptides were puri®ed by reverse phase HPLC; subsequent purity checks by analytical HPLC and either positive ion electrospray ionization or matrix assisted laser desorption ionization mass spectrometry indicated minimum purity levels of at least 95% for all peptides. 
Preparation of peptide and Hg(II) solutions
Sedimentation equilibrium
Sedimentation equilibrium studies were performed on either a Beckman XL-A analytical ultracentrifuge using absorbance optics or an XL-I analytical ultracentrifuge with interference optics. Nine data sets were ®t simultaneously to a single ideal species model varying reference signal, molecular mass and baseline offset using the Beckman Data Analysis Software. Sample data were collected for three sample concentrations (serial dilution between 1 and 0.25 mg/ml) at three rotor speeds (20,000, 24,000 and 36,000 rpm, or else 30,000, 36,000 and 50,000 rpm) for each Z-average molecular mass (M z ). Values for M z were determined at the indicated pH using 5 mM phosphate buffer both with and without 50 mM NaF. On the XL-A, the absorbance was measured at a wavelength between 230 nm and 240 nm (chosen to minimize the noise for each sample) at 4 C to inhibit Cys oxidation. For Cys-containing peptides, control experiments were also run on the XL-I in the presence and absence of 65 mM DTT at 20 C and showed no change in sedimentation behavior. Partial speci®c volumes of 0.776 and 0.767 were calculated for Tri and the cysteinesubstituted derivatives of Tri, respectively, from the peptide composition (Cohn & Edsall, 1965) . The solvent density was calculated to be 1.004 (Laue et al., 1992) .
Circular dichroism (CD) spectroscopy
CD spectral measurements were made at 25 C using an AVIV 62DS spectrometer using a 1 mm pathlength rectangular cuvette. Spectra were collected from 190 nm to 300 nm, averaging for ten seconds at each wavelength. Samples contained 10 mM peptide and 360 mM potassium phosphate buffer.
Guanidine-HCl denaturation titrations
To perform GuHCl titrations, two stock solutions differing in GuHCl concentration were prepared and mixed to generate samples ranging from 0 M to 7.0 M GuHCl: stock solution 1 was 0 M GuHCl, 10 mM peptide (or peptide-Hg(II) complex) and 5 mM phosphate; stock solution 2 was 7.33 M GuHCl, 10 mM peptide (or peptideHg(II) complex) and 5 mM phosphate. The GuHCl concentration in stock solution 2 was determined from refractive index measurements at 25 C (Pace, 1986) . The pH of both stock solutions was adjusted to the desired value. The titration was performed in a stirred 1 cm pathlength rectangular cell by a Microlab 500 series automatic titrator (Hamilton Co.) controlled by a Power Computing computer running AVIV-supplied software written in Igor Pro (WaveMetrics). For each new point in the titration, the sample was stirred for 90 seconds, then 300 data points were collected at 25 C and averaged to obtain the signal. The data were corrected for buffer contributions to the CD signal by subtracting a buffer blank. The mean residue ellipticity, [y] 222 , was calculated with equation (2):
where y obs is the ellipticity in millidegrees, l is the pathlength of the cell in centimeters, c is the peptide concentration in mol/l, and n is the number of residues per peptide. This gives units of deg cm 2 dmol À1 res À1 for [y] 222 .
GuHCl-induced peptide denaturation curves were ®t to folded n-mer (dimer at pH 2.5 or trimer at pH 8.5) to unfolded monomer equilibria (Boice et al., 1996) using the linear extrapolation method (Santoro & Bolen, 1988) . The observed mean residue ellipticity ([y] obs ), composed of contributions from both monomeric and folded n-mer species, is described by equation (3): y os y mon C mon aC tot ny nmer C nmer aC tot 3
where n corresponds to the aggregation state of the folded species (2 for dimer, 3 for trimer); C mon , C nmer and C tot are the concentrations of monomer, folded n-mer and total peptide (10 mM), respectively; [y] mon and [y] nmer are the mean residue ellipticities of the monomer and nmer, respectively, and depend linearly on the GuHCl concentration (equations (4) and (5) nmer are the monomer and n-mer mean residue ellipticities, respectively, in the absence of GuHCl; b mon and b nmer represent the change in ellipticity for the folded and unfolded peptides with respect to the GuHCl concentration, respectively. C nmer is expressed in terms of the n-mer to monomer equilibrium (equation (6)):
in which ÁG 0 is the free energy change for the dissociation (unfolding) reaction in the absence of GuHCl, m G is the cosolvation term for the dissociation, R is the ideal gas constant, and T is the temperature Table 2 . Monomer/dimer/trimer equilibria at pH 5.5 were ®t as described by Betz et al. (1995) . To con®rm the results obtained by this treatment, the ÁG 0 values were used to ®t the sedimentation equilibrium data to the appropriate monomer to n-mer equilibria. The parameters from GuHCl denaturations provided an excellent ®t to the experimental data (data not shown).
UV/visible titrations
UV/visible spectra were collected using a PerkinElmer Lambda 9 UV/visible/near-IR dual beam scanning spectrophotometer equipped with a Perkin-Elmer 3600 data station. A scanning rate of 240 nm/minute was used in all titrations. Peptides were added from stock solutions in 4.4 ml aliquots (0.2 equivalent) to two solutions: the sample, containing 2.2 ml of a 10 mM HgCl 2 solution in 20 mM phosphate buffer at the desired pH; and the reference solution containing buffer with no Hg(II). The solutions were mixed and allowed to stand for approximately two minutes before a difference spectrum was collected for that Hg(II):peptide ratio.
Peptide concentration dependence studies
Two stock solutions were prepared for concentration dependence studies: stock solution 1 contained 500 mM peptide and 5.5 M GuHCl in 50 mM acetate buffer at the desired pH; stock solution 2 contained 20 mM peptide with the same GuHCl and buffer concentrations. Titrations were performed by mixing stock solutions 1 and 2. For peptide concentrations below 20 mM, stock solution 2 was mixed with 50 mM acetate buffer containing 5.5 M GuHCl. The pH of both stock solutions was adjusted to the appropriate value. For each sample, 150 data points were collected at 25 C and averaged to obtain the signal. [y] 222 was calculated as described above.
Electrostatic calculations
For electrostatic calculations, the crystal structures of GCN4-P1 (O'Shea et al., 1991) and CoilV a L d (Ogihara et al., 1997) were used as templates for dimeric and trimeric forms of coiled coils. The sequence of Tri was threaded onto the two structures, and the Glu and Lys side-chains were protonated to simulate pH 2.5 conditions. The models were subjected to in vacuo energy minimization (500 iterations steepest descents followed by 6000 iterations conjugate gradients) using Discover with the positions of the backbone atoms of the helices ®xed. The resulting dimer and trimer models are the Lys-H structures used in the calculations. The unprotonated Lys models were generated by deprotonating the Lys side-chains without movement of any other atoms.
Using a methodology similar to that of Sharp (1996) , electrostatic energies were calculated using the ®nite-difference Poisson-Boltzmann (FDPB) method implemented in the software package DelPhi (Gilson et al., 1988; Nicholls et al., 1991; Sharp & Honig, 1990) . The following parameters were used for the calculations: grid dimensions were 65 Â 65 Â 65, with a scale of approximately one grid per A Ê ; solutions were obtained for the non-linear Poisson-Boltzmann equation with coulombic boundary conditions (Gilson et al., 1988) using the multigridding method of iteration (Holst & Saied, 1993; Sharp et al., 1995) ; the solvent and protein dielectric constants were 80 and 2, respectively; the salt concentration was 0.20 M. Radii and charge values were obtained from the PARSE parameter set (Sitkoff et al., 1994) . Atomic charges were placed on the atoms of the Lys side-chains (where the formal charges of the peptides are localized at pH 2.5). For a given charged state of Lys and aggregation state (dimer or trimer), FDPB calculations were performed for the aggregate as well as for each individual monomer mapped to identical grid locations. The electrostatic energy for that aggregate and protonation state of Lys was obtained by taking the difference between the aggregate and monomer energies. The difference between the electrostatic energies for the protonated and deprotonated states of Lys therefore gives the energy penalty for protonating Lys side-chains in each aggregation state.
